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Abstract 31 
The success of agroforestry in semi-arid areas depends on efficient use of available water and 32 
effective strategies to limit tree/crop competition and maximise productivity.  On hillsides, 33 
planting improved tree fallows on the degraded upper section of bench terraces is a 34 
recommended practice to improve soil fertility while cropping continues on the lower terrace 35 
to maintain food production.  This study examined the influence of tree fallows on soil water 36 
content (w) and evaporation (Es).  Alnus acuminata Kunth (alnus), Calliandra calothyrsus 37 
Meissner (calliandra), Sesbania sesban L. (sesbania), a mixture of all three species, or sole 38 
crops (beans (Phaseolus vulgaris L.) or maize (Zea mays L.)) were grown on the upper 39 
terrace.  The same sole crops were grown on the lower terrace.  Four management regimes 40 
(unpruned, root, shoot and root+shoot pruned) were applied to the tree rows adjacent to the 41 
cropping area.  Neutron probe and microlysimeter approaches were used to determine w and 42 
Es when the trees were c. 3.5 years old.  Sesbania and alnus increased w by 9-18% in the 43 
cropping area on the lower terrace but calliandra reduced w by 3-15%.  After heavy rain, Es 44 
comprised 29-38% of precipitation in the tree-based treatments and 53% under sole crops.  45 
Absolute values declined as rainfall decreased, but Es as a proportion of rainfall increased to 46 
39-45% in the tree-based treatments and 62% for sole crops.  Root+shoot pruning of alnus 47 
and the tree mixture increased w in the cropping area but had no significant effect in the 48 
other tree-based treatments.  The results suggest that sesbania and alnus can be planted on 49 
smallholdings without compromising water supply to adjacent crops, whereas calliandra 50 
decreased water availability despite reducing Es.  These results provide a mechanistic 51 
understanding of reported effects on crop yield in the same site.  52 
53 
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1. Introduction 54 
Water supplies for agriculture are seriously threatened by global climate change (Gregory and 55 
Ingram 2000; Fischer et al. 2005).  As two thirds of the World‟s population is expected to 56 
experience water shortages by 2050 (Rosenzweig et al. 2004), it is vital to improve the 57 
efficiency with which available water is used for food production.  Increasing populations in 58 
the African highlands have forced a move from traditional shifting cultivation to more 59 
intensive farming, although this has not been accompanied by mechanisation or application 60 
of fertiliser or irrigation (Swinkels et al. 1997; Ong et al. 2006, 2007), resulting in depletion 61 
of natural resources and declining per capita food production (Sanchez et al. 1997).  The 62 
small size of land-holdings means that farmers cannot allocate separate areas for trees and 63 
crops.  Agroforestry may be a viable option to sustain productivity while providing essential 64 
tree products and ecological services in areas such as SW Uganda where crop yields are 65 
<35% of potential production and the shortfall of wood supply is c. 40% (Siriri and Bekunda 66 
2004; Siriri et al. 2010).  Similar problems occur throughout the semi-arid and sub-humid 67 
tropics.   68 
 69 
Traditional cropping systems often cannot fully utilise available rainfall due to losses by 70 
evaporation from the soil surface (Es), runoff and drainage (Ong et al., 1996, 2006, 2007).  As 71 
Es comprises 20-40% of rainfall in East and West Africa (Wallace et al. 1999; Jackson and 72 
Wallace 1999; Wallace and Gregory 2002), this has major implications for crop production.  73 
Key factors affecting Es are soil moisture content, ground cover and microclimate (Wallace 74 
and Gregory 2002; Lin 2010).  Strategies that manipulate these factors may be used to reduce 75 
Es and increase the proportion of rainfall available to crops (Lin 2010).  Development of land 76 
use systems that use scarce resources efficiently is vital to improve food security as future 77 
climate change scenarios predict reduced or more erratic rainfall in sub-Saharan Africa 78 
(Wallace and Gregory 2002).   79 
 80 
Integration of trees on cropland may improve productivity by: providing spatial and/or 81 
temporal complementarity of resource capture by trees and crops (Ong et al. 2006, 2007); 82 
increasing soil organic matter content, infiltration and water storage (Wallace 1996; Sun et al. 83 
2008); improving soil physical properties and biological activity (Yamoah et al. 1986); and 84 
enhancing nutrient supplies through nitrogen fixation and reduced leaching and soil erosion 85 
(Sun et al. 2008).  Agroforestry systems promoted in East Africa include improved fallows 86 
containing Sesbania sesban and rotational woodlots of Calliandra calothyrsus or Alnus 87 
4 
 
acuminata (Siriri and Raussen 2003; Siriri et al. 2010).  Planting trees on the degraded upper 88 
part of bench terraces subject to repeated down-slope cultivation and scouring by heavy rain 89 
is a recommended practice to improve fertility and provide valuable tree products while 90 
cropping continues on the more fertile middle and lower terrace (Raussen et al. 1999; Siriri 91 
and Raussen 2003; Siriri et al. 2010).  Planting trees on contours reduces runoff and erosion 92 
and improves soil fertility under a wide range of climatic conditions (Sun et al. 2008).  93 
However, agroforestry does not always provide a solution, as competition with crops is 94 
common (Ong et al. 2006, 2007; Sun et al. 2008; Siriri et al. 2010).   95 
 96 
Bench terraces create a matrix of conditions for crops as their concave shape limits 97 
productivity on the upper terrace due to limited soil depth, water retention and fertility, and 98 
causes waterlogging on the lower terrace after heavy rainfall.  Crop yield on the upper terrace 99 
is much lower than on the more fertile middle and lower sections, and may contribute only 100 
5% of the total yield (Siriri et al. 2010).  Some studies suggest that spatial or temporal 101 
separation of trees and crops may be used to limit competition (Cooper et al. 1996), but 102 
farmers report that detrimental interactions may still occur (Wajja-Musukwe et al. 2008; Sun 103 
et al. 2008).  This is important as continued crop production on the middle and lower terrace 104 
is vital for food security as farmers await the benefits of trees grown on the upper terrace 105 
(Siriri et al. 2010).  Effective strategies to limit competition and enforce complementarity are 106 
vital.   107 
 108 
Schroth (1999) suggested two options, selection of trees with characteristics that encourage 109 
complementarity and management interventions that limit competition.  However, 110 
characteristics that reduce competition by trees are not always consistent with their intended 111 
use by farmers, including timber production or revenue generation from greenhouse gas 112 
credits (TIST 2008).  When farmers‟ needs and ecological compatibility conflict, 113 
understanding and manipulation of the underlying processes are essential.  Shoot and/or root 114 
pruning of trees may be used to control competition (Ong et al. 2006, 2007; Bayala et al., 115 
2008; Siriri et al. 2010).  Jones et al. (1998) reported that shoot pruning of Prosopis juliflora 116 
limited below-ground competition with sorghum, while Jackson et al. (2000) showed that this 117 
practice reduced water use by trees and improved recharge of the crop rooting zone.  118 
Chandrashekara (2007) recommended shoot pruning regimes and frequencies for 10 119 
important tree species in Kerala, India to limit competition with understorey crops, while 120 
Wajja-Musukwe et al. (2008) showed that root pruning one side of tree rows in sub-humid 121 
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Uganda had little effect on tree growth but reduced competition with adjacent crops; 122 
however, competition was increased on the un-pruned side of the tree row.  Previous studies 123 
in Uganda have shown that unpruned sesbania fallows on the upper terrace had little impact 124 
on crop yield on the lower terrace, but that shoot and/or root pruning of alnus and, especially, 125 
calliandra was needed to maintain crop yield (Siriri et al. 2010).   126 
 127 
Although inclusion of trees in farming systems may alter microclimate in ways that reduce 128 
soil evaporation and offset rainfall losses due to canopy interception (Ong et al. 2006, 2007; 129 
Lott et al. 2009; Lin 2010; Siriri et al. 2010), Lott et al. (2009) concluded that competition for 130 
water negated the potential benefits of microclimatic amelioration for understorey maize.  131 
The influence of microclimatic amelioration associated with the closely spaced, fast growing 132 
trees used in improved fallows and rotational woodlots on Es and w is unknown.  As the use 133 
of such systems by smallholder farmers is increasing in semi-arid and sub-humid areas, 134 
studies of effects on Es and w are essential to understand how these systems influence water 135 
use efficiency, crop yield and food security.  This study aimed to: (i) determine the influence 136 
on Es and w of planting improved tree fallows on the degraded upper section of bench 137 
terraces while cropping continued on the middle and lower terrace; and (ii) examine the 138 
effectiveness of root and shoot pruning in improving compatibility between trees and crops. 139 
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2.  Material and methods 140 
 141 
2.1. Experimental design 142 
The study was conducted at Kigezi High School, Kabale District, SW Uganda (1
o
 15′ S, 29o 143 
55′ E, 1850 m asl).  The bimodal rainfall (c. 1000 mm yr-1) is greater and more evenly 144 
distributed during the long cropping season (September-February) than during the short 145 
cropping season (April-June).  Most land is terraced to control runoff and erosion; terraces 146 
are typically 20 m wide, with a rise of c. 1.5 m between them, and are used for smallholder 147 
production of sorghum (Sorghum bicolor L.), maize (Zea mays L.), beans (Phaseolus 148 
vulgaris L.), peas (Pisum sativum L.), sweet potato (Ipomea batatas L.) and Irish potatoes 149 
(Solanum tuberosum L.; Fig 1a).  The soil was a haplic ferralitic sandy clay loam developed 150 
from phyllite parent material.  Topsoil pH (0-15 cm) was 6.5, and clay content decreased 151 
from 37.4 to 27.1% between the upper and lower terrace due to erosive transfer during heavy 152 
rain and repeated downhill cultivation using hoes; soil organic matter increased from 1.11 to 153 
1.31 g kg
-1
.  Mean bicarbonate EDTA extractable phosphorus and exchangeable potassium 154 
concentrations were respectively 27-36 mg kg
-1
 and 0.48-0.54 molc kg
-1 
(Siriri and Raussen 155 
2003).   156 
 157 
Trees were grown on the upper third of the terrace for four years, while cropping continued 158 
on the middle and lower parts of the terrace (Fig. 1b).  Sole stands of Alnus acuminata Kunth 159 
(alnus), Calliandra calothyrsus Meissner (calliandra), Sesbania sesban (L.) Merr. var. sesban 160 
(sesbania), a mixture of all three, and a sole crop control treatment were grown on the upper 161 
terrace (6 m wide).  Alnus and calliandra were planted in September 2000 and sesbania in 162 
March 2001 to ensure all tree species were all ready for harvest at the same time (Siriri et al. 163 
2010). These species were chosen for their N-fixing capacity and ability to produce 24-27 t ha
-1
 164 
of fuelwood and 30 t ha
-1
 of above-ground biomass under local climatic conditions (Siriri and 165 
Raussen 2003), and were planted in three rows at a density equivalent to 10,000 trees ha
-1
.  A 166 
single row of each species was grown in the tree mixture; sesbania, the least competitive 167 
species, was located next to the cropping area, calliandra in the central row and alnus, believed 168 
to be the most competitive (Siriri and Raussen 2003; Siriri et al. 2010), was planted furthest 169 
from the cropping area.   170 
 171 
An unbalanced split plot design containing three blocks was used (Siriri et al. (2010).   Main 172 
treatment plots on the upper terrace (trees or sole crop; 26 m long x 6 m wide) were randomly 173 
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allocated in each block.  Four tree management sub-treatments (unpruned, root pruned, shoot 174 
pruned and root+shoot pruned) were randomly allocated within each main treatment using 5 x 175 
6 m sub-plots.  Main and sub-treatment plots were respectively separated by 4 and 2 m wide 176 
paths to minimise interference.  Sole crops of maize (Zea mays L. cv. H622) or beans 177 
(Phaseolus vulgaris L. cv. K132) were grown on the middle and lower terrace (each 6 m wide; 178 
Fig. 1b) during the long and short cropping seasons respectively.  Beans were planted at a 50 x 179 
10 cm spacing and maize at 75 x 30 cm.  A sole crop treatment was grown on the upper terrace 180 
for comparison with the tree-based treatments.   181 
 182 
The tree management regimes were a compromise between effective control of competition and 183 
maximum production of woody biomass and green manure.  Shoot pruning involved removing 184 
all branches from the lower third of the canopy of the tree row adjacent to the down-slope 185 
cropping area before each cropping season.  Prunings were returned as green manure to the plots 186 
from which they came.  Root pruning was achieved by digging and infilling trenches 0.5 m from 187 
the outer tree row to sever roots growing into the cropping area before each rainy season; these 188 
were 30 cm deep when the trees were young and 50 cm deep when they were over three years 189 
old.  The former represents the depth achievable using hand hoes during normal field operations 190 
(Siriri et al. 2010); deeper pruning would have compromised tree establishment and growth.  191 
 192 
2.2. Climatic conditions 193 
Solar radiation, air temperature and atmospheric saturation deficit (SD) above the tree and 194 
crop canopies were recorded by an automatic weather station (BWS200, Campbell Scientific, 195 
Shepshed, UK).  Rainfall (ARG100 tipping bucket raingauge), wind speed (RM Young 196 
Young Rain Sentry), wet and dry bulb air temperatures and atmospheric saturation deficit 197 
(CS215) and solar radiation (CS300 silicon pyranometer) were automatically measured and 198 
recorded.     199 
  200 
2.3. Soil water evaporation (Es)  201 
Microlysimeters were used to determine the substantial spatial variation in Es introduced by 202 
the integration of trees on bench terraces due to their simplicity and reliability.  203 
Microlysimeters comprise rigid enclosures containing small soil volumes (1-3 kg) which are 204 
placed in closely fitting pits in the soil and weighed daily.  Lysimeters of the type described 205 
by Daamen et al. (1993) and modified as suggested by Jackson and Wallace (1999) were 206 
used.  These comprised UPVC cylinders 160 mm in diameter and 100 mm deep.  Their walls 207 
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were perforated with 10 mm diameter holes to allow roots to explore the enclosed soil 208 
(Villalobos and Fereres 1990) and the lower end was chamfered to provide a cutting edge to 209 
ease installation.  Before each set of measurements, the lysimeter cylinders were pushed into 210 
the soil and left for 4 d, during which vertical drainage was unimpeded.  Undisturbed soil 211 
cores were removed by excavating the lysimeters to a depth of 20-30 mm below the base; 212 
excess soil was removed before sealing the base and the perforations in the lysimeter walls 213 
using waterproof tape to prevent exchange of water.  Lysimeters were prepared between 214 
0700-0800 h after overnight rain, or when precipitation ceased if rain fell during the day 215 
before being installed in pits (165 mm diameter x 90 mm deep) c. 1 m from where the soil 216 
cores were collected.  The casing protruded 10 mm above the soil to prevent entry of runoff 217 
or extraneous soil. 218 
 219 
Two lysimeters were installed in all replicates of the unpruned and root+shoot pruned sub-220 
treatments of the four tree-based treatments and the sole crop on the upper terrace, and also in 221 
the cropping area on the lower terrace (Fig. 1), giving a total of 36 lysimeters.  These were 222 
weighed twice daily (0700-0800 and 1700-1800 h) using a balance (0.1 g resolution, 223 
equivalent to 0.01 mm of water) powered by a generator.  Soil in the lysimeters was replaced 224 
after each rainfall event.  In the absence of rain, lysimeters were used for up to 7 d, as 225 
recommended by Daamen et al. (1993).  Measurements were made between 14 March and 10 226 
July 2004 during Periods i-iv shown in Figure 2a to determine Es under both rainy and dry 227 
conditions.  As Es from moist soil depends primarily on microclimatic conditions, total 228 
shortwave radiation was measured 0.5 m above the soil for all lysimeter locations (SKS1110 229 
pyranometer, Skye Instruments, Llandrindod Wells, UK); incident solar radiation was 230 
obtained from the weather station.   231 
 232 
2.4. Volumetric soil moisture content (w) 233 
Neutron probes have been used to determine w for a wide range of soil types and land use 234 
systems.  Their underlying theory, use and calibration are described by Bell (1987).  Access 235 
tubes were installed in the upper, middle and lower terrace (Fig. 1) in the unpruned and 236 
root+shoot pruning sub-treatments of all four tree-based treatments and the sole crop control on 237 
the upper terrace (total of 81 tubes).  The unpruned treatment represents current local practice 238 
and was expected to create the greatest competition for water with neighbouring crops, whereas 239 
the shoot+root pruning treatment was anticipated to be most effective in reducing competition.  240 
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Three access tubes installed outside the experimental area on each of the upper, middle and 241 
lower terrace sections were used to calibrate the neutron probe (Wallingford Model IHII) 242 
against paired gravimetric measurements of w obtained using soil cores across the full range of 243 
w (Hillel, 1998).  Separate calibrations were constructed for the 0-30 cm and deeper soil 244 
horizons for each terrace position to account for the differing soil characteristics of topsoil and 245 
subsoil.    246 
 247 
The base of the aluminium access tubes (5 cm diameter x 2 mm wall thickness) was sealed to 248 
prevent entry of ground water, while the top projected 5 cm above the soil and was covered 249 
by a metal cap to exclude rain and soil.  Tubes were installed vertically after removing soil 250 
cores using an auger.  Mean tube depth was 116.9, 139.7 and 174.6 cm on the upper, middle 251 
and lower terrace, reflecting the systematic variation in soil depth, and hence maximum 252 
rooting depth.  Measurements were made at 15 cm intervals between 15 and 60 cm and at 20 253 
cm intervals to the maximum depth of individual tubes.  As neutron probe measurements at 254 
depths <15 cm may underestimate moisture content due to the loss of emitted radiation from 255 
the soil surface (Bell, 1987), no consideration is given to the values obtained for the surface 256 
soil horizon in the Discussion.  w was measured at approximately weekly intervals between 257 
29 November 2003 and 21 January 2004 and 13-26 March 2004 to give a total of 11 258 
measurement dates. 259 
   260 
2.4. Statistical analysis 261 
The experimental design required split-plot analysis of variance as its unbalanced nature 262 
meant that the equivalent model had to be fitted using the residual maximum likelihood 263 
approach (REML), with estimated values and standard errors of the difference for treatment 264 
effects being taken from the fitted model (Siriri et al. 2010).  Local variation in the 265 
performance of a cover crop of beans grown before the main experiment began was used as a 266 
covariate to remove any confounding influence on actual variation between treatments.  267 
Species and pruning regime represented the main and sub-treatments and the treatment 268 
structure was covariate + main treatment x sub-treatment; the covariate was yield from the 269 
cover crop.  All analyses were carried out using Genstat 8 (Release 8.1) software.  Standard 270 
errors of the difference between means (SED) and standard errors of the mean (SEM) are 271 
shown; significance was assumed at P ≤  0.05. 272 
273 
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3.  Results 274 
 275 
3.1. Climatic conditions 276 
Daily maximum temperature was generally lower and minimum temperature much higher 277 
during the 2004 short rains (March-May) than during the dry season (June-August; Fig. 2a) 278 
due to the greater radiative exchange associated with limited cloud cover during the latter 279 
period.  Mean daily maximum and minimum temperatures were respectively 24.2 and 11.7 280 
o
C.  SD at 1500 h rarely reached 1.5 kPa during the rainy season, but often exceeded 2 kPa 281 
during the later stages of the dry season (data not shown).  SD at 0800 h was generally <0.2 282 
kPa during the rainy season and rarely reached 0.5 kPa, even in the dry season.  The 283 
relatively low air temperature and SD values reflect the humid environment of tropical 284 
highland areas such as Kabale.  Rainfall was well distributed during the rainy season, with 285 
seven events >20 mm (Fig. 2a).  Little rain fell during the dry season. 286 
 287 
3.2. Solar radiation  288 
Figure 3a shows the mean diurnal timecourses for total radiation measured above the tree 289 
canopy and 0.5 m above the soil on the upper terrace for the sole crop and all unpruned tree 290 
treatments in March 2004, when alnus and calliandra were 41 months old and sesbania was 291 
35 months old.  Mean below-canopy values for the tree-based systems ranged from 45 % of 292 
the above-canopy value (alnus) to 59 % (sesbania), and were much lower than in the sole 293 
bean crop (74 %; P < 0.001).  Cumulative shortwave radiation under the tree canopies over 294 
the same period was between 29 % (sesbania) and 56 % (alnus) lower than in sole crops on 295 
the upper terrace (P < 0.001; Fig. 3b).  There were no significant treatment differences in the 296 
cropping zone on the lower terrace, although values were 12-25 % lower in the tree-based 297 
treatments than when sole bean crops were grown on the upper terrace.  The influence of 298 
terrace position was significant (P < 0.01) as cumulative radiation under the sole bean crop 299 
on the upper terrace was approximately double that in the alnus, calliandra and tree mixture 300 
treatments and significantly greater than that of the sole crop on the lower terrace.  Although 301 
no significant treatment effects were detected on the lower terrace, cumulative shortwave 302 
radiation under the sole crop was lower than on the upper terrace, whereas the reverse applied 303 
for alnus, calliandra and the tree mixture, reflecting treatment differences in canopy structure 304 
and shading intensity.  305 
 306 
 307 
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3.3. Soil evaporation (Es) 308 
Measurements during a period when rainfall and the diurnal temperature range varied greatly 309 
showed that Es differed between land use treatments on the upper terrace and also in the 310 
cropping area on the lower terrace, particularly after high rainfall (Fig. 2a & b).  During 311 
Period 1 (15-24 March 2004; Fig. 2bi), Es was greatest in the sole crop and lowest in the 312 
alnus treatment for both terrace positions (P < 0.001).  When mean values for the upper and 313 
lower terrace are considered, 53 % of rainfall received by the sole crop was lost as Es, 314 
compared to 29-40 % in the tree-based treatments (P < 0.001).  Absolute Es values were 315 
lower during Period 2 (14-21 May 2004; Fig. 2bii) but, when expressed as a proportion of 316 
rainfall, Es increased to 62 % in the sole crop and 39-53 % in the tree-based treatments.  317 
Values on the upper terrace were higher for the sole crop than in all other treatments (P < 318 
0.001).  Almost no rainfall occurred during Periods 3 and 4 (23-30 June 2004 and 7-14 July 319 
2004; Fig. 2a), resulting in a further decline in Es (Fig. 2biii & iv).  Soil evaporation was 320 
similar during both periods and did not differ between land use treatments. 321 
 322 
The extent of the differences in Es between terrace positions varied between treatments.  323 
During Period 1, Es was greater in the cropping area on the lower terrace than on the upper 324 
terrace in the alnus, sesbania and tree mixture treatments (P < 0.01).  A similar, but non-325 
significant, trend was apparent for the calliandra and the sole crop treatments.  During Period 326 
2, the presence of trees on the upper terrace reduced Es by c. 50 % relative to the lower 327 
terrace (P < 0.001), but the difference between terrace positions was again not significant for 328 
the sole crop.  During Period 3, Es was again lower on the upper terrace in the alnus and tree 329 
mixture treatments (P < 0.05).  During Period 4, Es was lower on the upper terrace in the 330 
calliandra, sesbania and sole crop treatments (P < 0.01, P < 0.05 and P < 0.001), but did not 331 
differ significantly for the alnus and tree mixture treatments, in contrast to Period 3.   332 
 333 
3.4. Volumetric water content (w) 334 
Rainfall during the 7-9 d period preceding each measurement date varied between 0 and 102 335 
mm, whereas mean daily temperature and relative humidity showed much smaller variation, 336 
ranging from 17.1-19.4 
o
C and 68-84 % (Table 1).  Table 2 illustrates the increase in soil 337 
depth from 80 to 120 cm between the upper and lower terrace, which is typical of bench 338 
terraces in SW Uganda.  On the upper terrace, w tended to be greater under sesbania than in 339 
the sole crop treatment for all soil depths, although this was significant only for the 30-45 cm 340 
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horizon (P < 0.05).  None of the other tree-based treatments showed a significant difference 341 
relative to the sole crop for any horizon.  On the middle terrace, w was greater in the 60-80 342 
and 80-100 horizons of the sesbania treatment than in the sole crop (P < 0.001).  Values for 343 
calliandra and tree mixture did not differ from the sole crop except in the 80-100 horizon, 344 
where w was greater in the calliandra and lower in the tree mixture treatment than in the sole 345 
crop (P < 0.05).  On the lower terrace, w was greater in the alnus treatment than in the sole 346 
crop for all depths between 15-60 cm (P < 0.01- P < 0.001).  Values for the other tree-based 347 
systems did not differ significantly from the sole crop. 348 
  349 
The extent of the increase in mean w for the entire soil profile varied between treatments 350 
depending on terrace position (Table 2).  Mean w was greatest in the alnus and sesbania 351 
treatments on the upper terrace (P < 0.001), and in the sesbania treatment on the middle 352 
terrace (P < 0.001), followed sequentially by the alnus, sole crop, calliandra and tree mixture 353 
treatments.  On the lower terrace, w was again greatest for alnus (P < 0.001), but did not 354 
differ between the other treatments.  Values for all terrace positions were 7-15 % greater for 355 
alnus than for the sole crop, and 14-18 % greater on the upper and middle terrace for sesbania 356 
(P < 0.001).  Values for calliandra and the tree mixture were 3-15 % lower than in the sole 357 
crop.      358 
 359 
Mean w values increased with depth (P < 0.01 - P < 0.001) and were greater after „high‟ 360 
rainfall (>20 mm; five events; Fig. 4b, d, f) than after „low‟ rainfall (<20 mm; six events; Fig. 361 
4a, c, e; P < 0.01).  The influence of land use treatment was also greater after high rainfall for 362 
all terrace positions (P < 0.001).  Values for w in the surface 60 cm of the profile were 363 
generally greatest for alnus and sesbania on the upper and middle terrace, and for alnus on the 364 
lower terrace when rainfall was >20 mm (P < 0.001; Fig. 4b, d, f), but not when rainfall was 365 
<20 mm (Fig. 4a, c, e).  The results suggest that sesbania and, especially, alnus facilitate soil 366 
rewetting during periods of high rainfall; w tended to be lowest in the tree mixture and 367 
calliandra treatments. 368 
 369 
Mean w values for the entire soil profile are summarised in Figure 4g for all main treatments, 370 
terrace positions and sampling dates within each rainfall category.  The significant treatment 371 
x rainfall interaction on the upper terrace (P < 0.05) indicates that the influence of rainfall 372 
varied among treatments; thus, w was lower in the alnus treatment than in the sesbania 373 
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treatment when rainfall was <20 mm (P < 0.001), but was similar when rainfall was >20 mm.  374 
Soil water content was between 14 % (tree mixture) and 53 % (alnus) greater in the tree-375 
based treatments when rainfall >20 mm, compared to 9 % in the sole crop. 376 
 377 
No significant treatment x rainfall interaction was detected on the middle terrace, where mean 378 
w was greatest in the sesbania treatment after low rainfall (P < 0.001; Fig. 4g), but did not 379 
differ between the other tree-based treatments.  When rainfall was >20 mm, w was greatest 380 
in the sesbania and alnus treatments (P < 0.001), in which values were 12-36 % greater than 381 
after low rainfall.  There was again a significant treatment x rainfall interaction on the lower 382 
terrace (P < 0.05), where mean profile w differed little between treatments when rainfall was 383 
<20 mm but was much greater in the alnus treatment when rainfall was >20 mm (P < 0.001).  384 
Mean w in the tree-based treatments was between 6 % (tree mixture) and 50 % greater 385 
(alnus) after high rainfall compared to 10 % in the sole crop treatment.   386 
 387 
The effect of root+shoot pruning the trees on the upper terrace on mean profile w within the 388 
cropping area on the lower terrace was greatest for the tree mixture (Table 3), in which w 389 
was increased by c. 43 % at distances of 2 and 6 m from the tree line compared to unpruned 390 
trees (P < 0.001).  Pruning of alnus increased w by 14 % 2 m from the tree line (P < 0.05), 391 
but had no effect at 6 m; pruning of calliandra and sesbania had no detectable effect at either 392 
distance.  393 
394 
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4.  Discussion 395 
 396 
4.1. Tree growth and potential competitive impact 397 
Mean tree height and diameter at breast height (dbh) 36 months (alnus, calliandra) or 30 398 
months after planting (sesbania) were respectively 7.1 m and 7.2 cm, 6.8 m and 5.3 cm, and 399 
5.1 and 4.4 cm for unpruned alnus, sesbania and calliandra trees (Siriri et al. 2010).  Tree 400 
height and dbh were significantly reduced by root+shoot pruning only in alnus, by 15 and 401 
29% respectively.  The trees were therefore sufficiently well established to compete strongly 402 
with adjacent crops for above- and below-ground resources unless subjected to appropriate 403 
management practices such as root and/or shoot pruning.  The presence of unpruned trees is 404 
likely to have influenced soil water balance in the adjacent cropping area both directly by 405 
abstracting soil moisture and indirectly through microclimatic modifications.    406 
 407 
4.2. Soil evaporation (Es) 408 
Trees influence Es through effects on microclimate and soil water content (Ong et al. 1996, 409 
2006, 2007; Otengi et al. 2007; Lin 2010).  The microclimatic factors most likely to be 410 
modified are solar radiation receipts at ground level and wind speed (Wallace 1996; Otengi et 411 
al. 2007).  However, aerodynamic factors such as wind speed are less important in the 412 
relatively closed canopies provided by well-established improved tree fallows and rotational 413 
woodlots (Ritchie 1972; Wallace and Gregory 2002), with the result that solar radiation is the 414 
major factor governing first stage evaporation following rainfall.  In the present study, 415 
irradiance measured 0.5 m above the soil was reduced by 29-56% in the tree-based treatments 416 
relative to the sole crop treatment on the upper terrace, and by 12-25% in the cropping zone 417 
on the lower terrace (Fig. 3).  The results for the upper terrace are consistent with Jackson 418 
and Wallace (1999), who found that net radiation, the primary driver of soil surface 419 
evaporation, was reduced by ≤65 % in a linear agroforestry system at Machakos in semi-arid 420 
Kenya, where incident radiation is generally greater than in the humid African highlands 421 
examined here.  The variation between tree-based systems reflects their differing canopy 422 
structures; thus, the denser canopy of alnus reduced below-canopy irradiance to a much 423 
greater extent than the more open canopy of sesbania (Fig. 3).   424 
 425 
These differences were reflected by effects on Es (Fig. 2b), particularly after periods of high 426 
rainfall when this process depends primarily on the energy balance at the soil surface, 427 
whereas Es during periods of low rainfall (Fig. 2, Periods 2-4) is determined mainly by soil 428 
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hydraulic properties (Hillel 1998).  The ability of tree-based systems to retain soil moisture is 429 
potentially important in affecting Es; thus, the increase in Es as a proportion of rainfall 430 
between Periods 1 and 2 was greatest for alnus (from 29 to 45%), possibly because slower 431 
depletion of soil moisture during Period 1 following relatively high rainfall increased water 432 
supplies to maintain soil evaporation during the drier Period 2.  Raussen et al. (1999) reported 433 
that soil hydraulic conductivity under alnus woodlots was more than twice that of continuous 434 
cropping systems, thereby enhancing infiltration of rainfall. 435 
 436 
The mean reduction in Es in the tree-based treatments relative to sole crops during the rainy 437 
season (Periods 1 and 2), ranging between 20% (tree mixture) and 36% (alnus), was much 438 
greater than during the dry season (Periods 3 and 4) when Es was similar in all treatments 439 
(Fig. 2b).  The reductions in Es in the tree-based systems during the rainy season are greater 440 
than reported for a linear agroforestry system containing Grevillea robusta in Kenya, where 441 
the mean decrease relative to sole maize was 16% (Jackson and Wallace 1999).  This contrast 442 
may have occurred because differences in planting arrangement (linear vs. block planting) 443 
influenced the intensity and extent of shading.  A study of a mulched contour hedgerow 444 
system containing maize and cowpea (Vigna unguiculata L.) in semi-arid Kenya showed a 445 
reduction in Es of <9 % relative to bare soil (Kinama et al. 2005).  Expressed as a percentage 446 
of rainfall, Es was nevertheless high under unmulched maize/senna (Senna spectabilis (DC.) 447 
H.S. Irwin and R.C. Barneby) and grass strip/maize intercrops (60 and 65% respectively), 448 
suggesting that the improved fallow/rotational woodlot systems examined here were more 449 
effective in reducing Es than linear agroforestry systems.  Moreover, spatial variation in Es in 450 
the present study appeared to be greater than in linear agroforestry systems as the 451 
microclimatic changes induced by growing trees on the upper terrace reduced Es by up to 452 
30% on the cropped lower terrace at distances of up to 6 m from the tree line during Period 1 453 
(Fig. 2b).  The similarity of the Es values obtained when sole crops were planted on both the 454 
upper and lower terrace suggests that variation in leaf area index associated with the fertility 455 
gradient was too small to affect soil evaporation, implying that the significant reduction in Es 456 
on the lower terrace in the tree-based treatments resulted from microclimatic modifications 457 
caused by the presence of trees on the upper terrace.  The linear agroforestry system 458 
described by Jackson and Wallace (1999) represents an intermediate scenario as the trees 459 
strongly influenced Es at a distance of 0.3 m from the tree line, but not at 2.5 m. 460 
 461 
 462 
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4.3. Volumetric soil moisture content (w) 463 
Factors influencing the capacity of tree-based systems to store water include infiltration, soil 464 
water evaporation, abstraction by trees and crops, organic matter content and textural 465 
characteristics (Ong et al. 2006, 2007).  However, the limited literature regarding the 466 
importance of these factors for the species examined here precludes comparison with 467 
previous studies of soil water storage and microclimate in agroforestry systems, as most have 468 
focussed on deep-rooted tree species (Jackson et al. 2000; Lott et al. 2003; Radersma and 469 
Ong 2004; Lott et al. 2009) and have rarely examined the short-lived shrubs that are often 470 
used in fallows and rotational woodlots.  The presence of alnus and sesbania increased w 471 
relative to the sole crop control treatment on the upper terrace, but a similar effect was not 472 
found for the calliandra and tree mixture treatments (Table 2).  This observation reflects the 473 
trend for Es, which was lowest for alnus (Fig. 2b), perhaps because its dense canopy and 474 
more intense litterfall reduced both Es and runoff.  The dense undergrowth in the sesbania 475 
treatment may have induced similar effects, increasing mean profile values for w.  Similar 476 
trends were apparent on the middle terrace (Table 2), where mean profile w was greatest in 477 
the alnus and sesbania treatments, although there was no evidence of the further increase in 478 
w between the middle and lower terrace that had been anticipated in view of the greater soil 479 
depth at the latter location (Fig. 1; Table 2).  This observation suggests that the ability of trees 480 
grown on the upper terrace to modify soil hydrological properties in ways that improve water 481 
storage on the upper and middle terrace does not extend to the lower terrace.  482 
 483 
The observed beneficial influence of sesbania contrasts with reports that w in the topsoil was 484 
lower in improved fallows containing sesbania than under sole maize (Hartemink et al. 1996).  485 
This effect was attributed to aggressive water abstraction by sesbania, whereas water 486 
conservation by sesbania in the present study appeared to outweigh losses resulting from 487 
abstraction by roots.  However, although Es was lower in the calliandra treatment than under 488 
sole crops (Fig. 2b), mean profile w values were similar in both treatments following periods 489 
of both high and low rainfall (Fig. 4g), suggesting that greater lateral extension of its roots 490 
into the cropping area compared to the other tree species examined created a more extensive 491 
spatial hydrological influence.  Siriri et al. (2010) noted that calliandra depressed crop yield 492 
for distances of up to several metres from the tree line, supporting evidence that the roots of 493 
this species are highly versatile and may extend over considerable lateral and vertical 494 
distances (Hairiah et al. 1992).  Inclusion of calliandra in the tree mixture may have been 495 
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responsible for the significant reduction in w relative to the sole crop control treatment, 496 
supporting the supposition that, although Es was reduced (Fig. 2b), the water saved was 497 
absorbed by its extensive root system.  Nevertheless, calliandra is widely used for fodder by 498 
farmers in Kabale despite its competitiveness with crops (Nyeko et al. 2004). 499 
 500 
When rainfall was <20 mm during the week preceding measurements, mean profile w was 501 
greater in the tree-based treatments than in the sole crop control only for sesbania (Fig. 4g), 502 
perhaps because transpiration was lower than in the other tree species, or because its bushy 503 
growth habit reduced Es.  When rainfall was >20 mm, mean w was greatest in the sesbania 504 
and, especially, the alnus treatments, perhaps because the mulching effect of the greater litter 505 
deposition increased infiltration.  A further possibility is that the misty conditions 506 
encountered in the morning during the rainy season due to the low air temperature and high 507 
humidity allowed trees to trap additional moisture in the form of dew formation on their 508 
canopy, in a manner analogous to cloud forests; some species may more effective than others 509 
in channelling this source of moisture to the soil due to differences in crown architecture. 510 
 511 
The observation that root+shoot pruning alnus and the tree mixture increased w on the lower 512 
terrace, but had no detectable effect in the calliandra and sesbania treatments (Table 3) 513 
reflects the finding that pruning the latter two species did not improve crop performance, 514 
although for different reasons (Siriri et al., 2010).  The lack of any crop yield response to 515 
root+shoot pruning sesbania during five cropping seasons when beans or maize were grown 516 
substantiates the absence of any adverse effect unpruned trees on w in the adjacent cropping 517 
area; indeed, the presence of unpruned sesbania on the upper terrace increased values for w 518 
in the cropping area, whereas unpruned calliandra trees competed strongly for water and 519 
reduced w on the lower terrace and the yield of bean and maize crops by c. 40% over six 520 
cropping seasons during which rainfall varied greatly (Siriri et al., 2010).  The pruning 521 
intensity used here may have been insufficient to control competition effectively; thus, a 522 
more extreme management regime than annual root pruning to 30 cm depth when the trees 523 
were young and 50 cm when they reached three years of age may be required for calliandra.   524 
 525 
Conclusions 526 
Previous studies of the effectiveness of root and/or shoot pruning in controlling competition 527 
by tree fallows grown on the upper section of bench terraces in Uganda showed that 528 
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unpruned sesbania had little impact on crop yield on the lower terrace, whereas pruning of 529 
alnus and, especially, calliandra was vital to maintain crop yield (Siriri et al. 2010).  The 530 
present study has revealed that some tree species have beneficial effects on Es and w in the 531 
adjacent cropping area and that the effects of pruning on crop yield were associated with 532 
reductions in Es and increases in w.  The presence of sesbania or alnus on the upper terrace 533 
increased w on both the upper and lower terrace, whereas calliandra tended to reduce w for 534 
all terrace positions; the presence of trees greatly reduced Es compared to sole crops 535 
following periods of high rainfall.  Root+shoot pruning of the tree mixture and alnus 536 
increased w in the cropping area compared to unpruned trees, but had no significant effect in 537 
the other tree-based treatments.  Sesbania and alnus may be incorporated into smallholdings 538 
without compromising water supplies to adjacent crops, but the extensive lateral rooting of 539 
calliandra deprived adjacent crops of water even though Es was reduced. 540 
  541 
The use of tree fallows on the upper section of bench terraces is recommended for soil 542 
fertility improvement and production of valuable tree products on steep hillslopes in East 543 
Africa, and such approaches may be more widely applicable throughout the semi-arid and 544 
sub-humid tropics.  The key is to identify appropriate species and management practices that 545 
enhance crop yield on the lower terrace while enabling tree products to be harvested from the 546 
upper terrace. 547 
 548 
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Figure Legends 655 
 656 
Fig. 1 Schematic diagram showing variation in crop performance on bench terraces on 657 
hillslopes in SW Uganda: (a) sole crop and (b) trees grown on the upper terrace with crops on 658 
the middle and lower terrace.  ●, location of measurements of soil evaporation and below-659 
canopy solar radiation; ▲ location of volumetric soil water content measurements. 660 
 661 
Fig. 2 (a) daily rainfall, maximum and minimum air temperature and (b) mean daily soil 662 
evaporation (Es) during the 2004 short rains and subsequent dry season.  Horizontal tramlines 663 
in (a) show periods when Es was measured and correspond to panels i, ii, iii and iv in (b).  664 
Error bars above each pair of treatment histograms show standard errors of the difference 665 
between treatment means (SED) for comparing the upper and lower terrace for specific land 666 
use treatments.  The error bars for “SED land use” show SEDs for comparing Es between 667 
land use treatments on the upper (UT) and lower (LT) terrace sections.  *, ** and *** denote 668 
P < 0.05, P < 0.01 and P < 0.001; ns, no significant effect.   669 
 670 
Fig. 3 (a) mean diurnal timecourses for above- (total) and below-canopy short wave radiation 671 
in the unpruned tree treatments and sole bean crop during March 2004 and (b) cumulative 672 
below-canopy short wave radiation.  In (a) SED
1
 and SED
2
 respectively show standard errors 673 
of the difference between treatment means and the treatment x time interaction; in (b) SED
1
, 674 
SED
2
 and SED
3
 show values for comparing treatment means for the upper terrace, lower 675 
terrace and values for both terrace positions.  *, ** and *** denote P < 0.05, P < 0.01 and P < 676 
0.001; ns, no significant effect  677 
 678 
Fig. 4 Profiles of volumetric soil water content (w) in the unpruned tree treatments and sole 679 
bean crop for the upper (a & b), middle (c & d) and lower (e & f) terrace following periods of 680 
low (a, c & e) or high (b, d & f) rainfall (<20 mm and >20 mm respectively).  (g) mean w 681 
values for the entire profile.  In (a–f), SED1, SED2 and SED3 respectively show values for 682 
comparing land use systems, soil depths and the land use system x treatment interaction.  *, 683 
** and
 
*** denote P < 0.05, P < 0.01 and P < 0.001; ns, no significant effect 684 
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Table 1 Total rainfall, mean air temperature (Ta) and mean relative humidity (RH) at 1200 h 685 
during the week preceding neutron probe measurements  686 
 687 
Measurement date Climatic variable 
 Rainfall  
(mm) 
Ta  
(
o
C) 
RH 
(%) 
29 November 2003  19 18.5 83 
  4 December 2003 102 17.4 84 
12 December 2003  21 17.1 84 
20 December 2003   6 18.0 74 
31 December 2003   0 17.7 68 
  7 January 2004 41 17.7 82 
15 January 2004 11 18.8 75 
21 January 2004 39 18.7 84 
13 March 2004 14 19.4 77 
19 March 2004 38 18.2 81 
26 March 2004   2 19.1 78 
 688 
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Table 2 Profiles of volumetric soil water content (w) and profile mean values for the upper, middle and lower terrace; values are means for all 689 
11 sampling dates for the unpruned tree treatments system and sole bean crop on the upper terrace.  
*
, 
** 
and 
***
 denote P < 0.05, P < 0.01, P < 690 
0.001; ns, no significant effect 691 
 692 
Treatment on  
upper terrace 
Volumetric water content (cm
3
 cm
-3
) 
 Soil depth (cm)  
 0-15 15-30 30-45 45-60 60-80 80-100 100-120 Profile mean 
Upper terrace 
Alnus 14.6 22.9 23.9 28.0 30.8   24.4 
Calliandra 11.5 20.2 22.0 25.7 27.7   20.2 
Sesbania 16.7 23.0 25.8 28.4 28.1   24.2 
Tree mixture 11.4 20.6 19.9 22.2 22.3   18.3 
Sole beans 12.8 20.4 21.4 25.2 26.4   21.0 
SED  1.9*  2.0
ns
  2.1*  2.6
ns
  4.5
ns
   1.0*** 
Middle terrace 
Alnus 17.2 25.2 25.9 25.8 24.5 29.7  25.0 
Calliandra 12.4 19.8 20.8 20.8 25.7 40.7  19.7 
Sesbania 15.3 23.7 25.8 26.3 32.3 40.4  27.3 
Tree mixture 12.6 21.0 22.3 22.8 24.2 25.5  21.0 
Sole beans 13.7 22.7 23.3 23.5 23.7 34.1  23.6 
SED 1.5** 1.9
ns
 2.2
ns
 1.6
ns
 2.2*** 2.8***  0.9*** 
Lower terrace 
Alnus 22.0 30.1 30.0 32.2 30.5 31.0 39.3 30.6 
Calliandra 17.3 22.1 22.9 23.9 31.7 28.7 37.4 26.8 
Sesbania 15.8 24.1 24.2 27.1 27.9 29.3 37.6 26.5 
Tree mixture 17.1 22.6 23.6 24.5 27.7 30.8 36.6 25.5 
Sole beans 19.3 23.6 24.7 26.0 27.8 33.1 38.2 27.6 
SED 1.8
ns
 2.3** 2.2** 2.4*** 3.6
ns
 2.4
ns
 2.7
ns
 1.1*** 
 693 
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Table 3  Effect of root and shoot pruning of the tree row adjacent to the cropping area on 694 
volumetric soil water content (w) 2 m and 6 m from the tree line.  Single standard errors of 695 
the mean (SEM) and standard errors of the difference between treatment means (SED) are 696 
shown.  
*
, 
** 
and 
***
 denote P < 0.05, P < 0.01 and P < 0.001; ns, no significant effect 697 
 698 
Treatment on  
upper terrace 
Volumetric water content (cm
3
 cm
-3
) 
 2 m from tree row 6 m from tree row 
 Root+shoot 
pruned  
Unpruned  SED Root+shoot 
pruned  
Unpruned  SED 
Alnus 25.3±0.7 22.1±0.9 1.2* 31.0±1.0 29.9±1.3 1.8
ns
 
Calliandra 18.6±0.9 19.8±0.6 1.2
ns
 26.8±1.1 26.2±1.1 1.6
ns
 
Sesbania 26.7±0.9 29.4±1.3 1.6
ns
 27.2±0.7 29.0±1.0 1.2
ns
 
Tree mixture 26.6±1.1 18.5±0.8 1.5*** 31.7±0.9 22.3±1.0 1.2*** 
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